The formation of functional synapses requires coordinated assembly of presynaptic transmitter release machinery and postsynaptic trafficking of functional receptors and scaffolds. Here, we demonstrate a critical role of presynaptic cadherin/catenin cell adhesion complexes in stabilizing functional synapses and spines in the developing neocortex. Importantly, presynaptic expression of stabilized b-catenin in either layer (L) 4 excitatory neurons or L2/3 pyramidal neurons significantly upregulated excitatory synaptic transmission and dendritic spine density in L2/3 pyramidal neurons, while its sparse postsynaptic expression in L2/3 neurons had no such effects. In addition, presynaptic b-catenin expression enhanced release probability of glutamatergic synapses. Newly identified b-catenin-interacting protein p140Cap is required in the presynaptic locus for mediating these effects. Together, our results demonstrate that cadherin/catenin complexes stabilize functional synapses and spines through anterograde signaling in the neocortex and provide important molecular evidence for a driving role of presynaptic components in spinogenesis in the neocortex.
Correspondence yuxiang@ion.ac.cn
In Brief
Li et al. demonstrate an asymmetric role for the symmetric cadherin/catenin cell adhesion complex in synapse stabilization in the neocortex. This presynaptic function of b-catenin requires its novel binding partner p140Cap.
INTRODUCTION
The formation and stabilization of functional synaptic connections is fundamental to neural circuit wiring. Synapses not only serve as the physical and functional contact sites between neurons, but also positively feed back on neural circuit development through their activity. In other words, synapses integrate instructions from intrinsic genetic programming and extrinsic regulatory factors during neural circuit wiring. Studies over the past several decades, both in vitro and in vivo, have identified many important regulators of synaptogenesis and of the related process of spinogenesis, including transcription factors, cell adhesion molecules, and secreted proteins (Giagtzoglou et al., 2009; McAllister, 2007; Missler et al., 2012; Sala and Segal, 2014; Shen and Scheiffele, 2010; Sheng and Kim, 2011; Siddiqui and Craig, 2011) . These studies suggest that synaptogenesis and spinogenesis are highly redundant processes and cannot be inhibited by loss of function of any single gene. They also highlight the complexity of the synapse formation process, as different neural circuits and cell types exhibit different temporal dynamics, including the speed with which synapses assemble, how synaptogenesis and spinogenesis are coordinated, and whether the pre-or postsynaptic side has a more critical role in synapse formation or stabilization.
We believe that the question of whether the pre-or postsynaptic partner is more dominant in inducing or stabilizing nascent synapses is fundamental to our understanding of neural circuit wiring. The answer to this question taps into which side of the synapse is the more active and potentially more plastic partner during neural circuit wiring. With the understanding that functional synapses have ''size-matched'' pre-and postsynaptic components (Harris and Stevens, 1989; Schikorski and Stevens, 1999) , and that excitatory synapses typically form on dendritic spines, the key question to address is whether the pre-or postsynaptic side plays a dominant or determining role in initiating or driving the process, or if they contribute equally. Previous studies have provided evidence for each of three models in both synaptogenesis and spinogenesis, and have proposed correspondent anterograde, retrograde, and bidirectional organizing molecules for mediating these processes (Alvarez and Sabatini, 2007; Bhatt et al., 2009; Giagtzoglou et al., 2009; Holtmaat and Svoboda, 2009; McAllister, 2007; Missler et al., 2012; Sala and Segal, 2014; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011; Yuste and Bonhoeffer, 2004) . However, due to the difficulty of simultaneously labeling pre-and postsynaptic partners at the appropriate density for in vivo imaging studies, these three possibilities have rarely been examined in a single neural circuit. Here we attempt to address this question using a complementary molecular approach, by identifying a symmetric synapse-promoting complex required for functional synapse formation and by asking if its pre-or postsynaptic expression had differential effects on this process.
For the circuit, we chose layer 2/3 (L2/3) pyramidal neurons of the primary somatosensory cortex. L2/3 neurons are highly plastic (Feldman, 2009; Feldman and Brecht, 2005; Fox and Wong, 2005; Petersen, 2007) and receive multiple types of inputs across their dendritic trees, including inputs from L4 and L2/3 in their basal and proximal apical oblique dendrites, and longrange cortico-cortical connections in their apical tufts (Feldmeyer, 2012; Harris and Shepherd, 2015) . The spatial layout of the different inputs allows for differential manipulations of presynaptic inputs and examinations of input-specific effects on spinogenesis. The ability of L2/3 pyramidal neurons to synapse with each other gives symmetry in terms of pre-and postsynaptic cell type, making it easier to manipulate pre-and postsynaptic partners equivalently.
In selecting a synapse-promoting molecule without an obvious pre-or postsynaptic bias, we looked for trans-synaptic adhesion molecules that are highly expressed at both sides of the synapse. We passed over several prominent synaptogenic molecules, including neuroligins, neurexins, leucine-rich repeat transmembrane proteins, and Ig superfamily members (Giagtzoglou et al., 2009; Missler et al., 2012; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011) , because they are heterophilic, have multiple binding partners, and/or have isoforms with overlapping functions, making it difficult to use the same genetic manipulation to equally manipulate both sides of the synapse. Instead, we chose the homophilic cadherin/catenin complex, the first cell adhesion complex implicated in promoting axo-dendritic adhesion during synapse formation (Hirano and Takeichi, 2012) , for the following reasons: (1) all members of the complex, including N-cadherin, b-catenin, and aN-catenin, are present at high levels during synaptogenesis and localize both pre-and postsynaptically; (2) essential component b-catenin, which interacts with all classical cadherins, is encoded by a single nonredundant gene; and (3) extensive work, mostly using cultured neurons, demonstrated both pre-and postsynaptic roles of the cadherin/catenin complex in synapse formation (Arikkath and Reichardt, 2008; Benson and Huntley, 2012; Brigidi and Bamji, 2011; Giagtzoglou et al., 2009; Hirano and Takeichi, 2012; McAllister, 2007; Missler et al., 2012; Tai et al., 2008) .
Having chosen the circuit and the molecule, we set about examining whether and how cadherin/catenin complexes regulate synaptogenesis and spinogenesis in the mouse primary somatosensory cortex. Through loss-of-function experiments, we demonstrated a specific requirement for b-catenin in stabilization of dendritic spines. We further showed that presynaptic expression of stabilized b-catenin increased excitatory synaptic transmission and spine density of L2/3 pyramidal neurons, while its postsynaptic and cell-autonomous expression had no such effects. These effects were dependent on extracellular cadherin/catenin-dependent adhesion, and both increased synapse density and increased release probability contributed to the enhanced synaptic transmission. Importantly, a newly identified binding partner of b-catenin, p140Cap, was required for the presynaptic effects. Together, our results demonstrate a critical role of presynaptic cadherin/catenin/p140Cap complexes in stabilizing newly formed synapses and spines, and provide evidence for a driving and/or dominant role for the presynaptic terminal in the wiring of neocortical local circuits.
RESULTS

Bidirectional Regulation of Excitatory Synaptic
Transmission by the Cadherin/Catenin Complex To examine if cadherin/catenin complexes played a role during synaptogenesis and spinogenesis in neocortical L2/3 neurons in vivo, we used Nex-Cre (Goebbels et al., 2006) to induce b-catenin loss of function (Brault et al., 2001 ) in all excitatory neurons of the cerebral cortex and hippocampus, starting from late embryonic development (b-cat conditional knockout [cKO], b-cat flox/flox ;Nex-Cre). Recording AMPA-type glutamate receptor (AMPAR)-mediated miniature excitatory postsynaptic currents (mEPSCs) from L2/3 pyramidal neurons in the barrel field of the primary somatosensory cortex (S1BF), we found significantly reduced mEPSC frequency in postnatal day 21 (P21) mice (Ctrl, 7.91 ± 0.40 Hz; cKO, 5.50 ± 0.48 Hz; p < 0.001), but not at the earlier developmental stage of P14 ( Figures 1C and 1E ). mEPSC amplitude was not significantly changed at either age (Figures 1C and 1E) . Consistent with the electrophysiological results, b-cat cKO mice had a significantly lower level of b-catenin, N-cadherin, and GluA2 at P21 (Figures 1B and S1A-S1C). At the younger age of P14, when electrophysiological changes were not detected, b-catenin level was reduced, but N-cadherin level was not significantly changed (Figures S1D and S1E) .
The above results demonstrate that b-catenin is required for functional synapse formation in L2/3 neurons. To investigate its sufficiency, we used b-cat lox(ex3)/lox(ex3) ;Nex-Cre (b-cat Ovp) mice, where Nex-Cre expression generated a stabilized and active form of b-catenin (Harada et al., 1999) that is resistant to degradation by glycogen synthase kinase 3b (GSK3b) and subsequent proteasome degradation ( Figure 1A) . b-catenin expression in b-cat Ovp mice is dose dependent, and a significantly higher level of N-cadherin, consistent with the increased overall level of the complex, was also detected (Figures 1B, S1A, S1F, and S1G (Figures 1D and 1F) . At P10 and P14, but not P21, reduced mEPSC amplitudes were observed ( Figures 1D, 1F , and S2A-S2C). In simplistic terms, mEPSC amplitude correlates with the size of individual synapses, while mEPSC frequency reflects both total synapse number of the cell and release probability of individual synapses. The total synaptic strength of the neuron is then the combination of these two parameters and can be measured as total charge transfer per second. Our results show that at all three time points, increased total synaptic charge was observed ( Figure S2D ), suggesting increased synaptic transmission in b-cat Ovp mice throughout the developmental window examined. We note that this is the only experiment in which we observed a significant change in mEPSC amplitude (please also see Discussion). Consistent with the mEPSC results, bidirectional changes in the amplitude of evoked AMPAR-mediated EPSCs of the L4-L2/3 pathway were also observed in b-cat cKO and b-cat Ovp mice, as measured by the input-output curves (Figures S2E and S2F) . In this experiment, since the amplitude is a measure of the summed synaptic response of all stimulated neurons, it is more similar to the total charge transfer per second, rather than the amplitude of a single mEPSC. Associated quantitation in Figures S1C and S1G. (C and E) Representative voltage-clamped mEPSC traces of b-cat cKO mice at P14 or P21 (C) and cumulative distributions and bar graphs for mEPSC frequency and amplitude (E). mEPSC frequency, p > 0.05 (P14) and p < 0.001 (P21). mEPSC amplitude, p > 0.05 (P14) and p > 0.05 (P21); Student's t test. Cumulative distributions are from P21 mice. (D and F) Representative mEPSC traces (D) and summary data of b-cat Ovp mice at P10, P14, and P21 (F). mEPSC frequency, p < 0.01 (P10), p < 0.001 (P14), p < 0.001 (P21). mEPSC amplitude, p < 0.001 (P10), p < 0.001 (P14), p > 0.05 (P21). Student's t test.
(G-I) Schematic of dendritic segments (G), representative spine images (H), and summary graph (I) of spine density for control (Ctrl) and b-cat Ovp mice at P14. p < 0.05, p < 0.001, and p < 0.05 for basal, apical oblique, and apical tuft dendrites, respectively; one-way ANOVA with Bonferroni post hoc test. Scale bars, 100 mm (G) and 5 mm (H). Data are presented as mean ± SEM; n represents the number of cells; N = 3-4 mice per experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant, p > 0.05. For further details, see Figures S1 and S2 and Table S1 .
Results from P14 mice showed that the effects of b-cat Consistent with increased excitatory synaptic transmission, synaptosomal preparations from the S1 region of P14 b-cat Ovp homo (hereafter referred to as b-cat Ovp) mice exhibited a significantly higher protein level of b-catenin, N-cadherin, and the postsynaptic density scaffold protein PSD95 and AMPAR subunit GluA2 (Figures S1H and S1I).
GABA A receptor (GABA A R)-mediated inhibitory synaptic transmission, as measured by the amplitude and frequency of miniature inhibitory postsynaptic currents (mIPSCs) (Figures S2G and S2H) , was not significantly altered in b-cat Ovp mice, suggesting that the effects of b-cat Ovp were specific to excitatory synaptic transmission. Since the Nex-Cre driver is exclusively expressed in excitatory neurons in the neocortex, this result is consistent with either a presynaptic mechanism for b-catenin-dependent regulation, or a postsynaptic mechanism that is specific to excitatory synapses.
b-Catenin Is Specifically Required for Spine Stabilization To examine if in addition to affecting synaptic transmission, b-catenin also regulates spinogenesis, we filled the patch pipette with neurobiotin to visualize the dendritic spines of recorded neurons. Significant increases in spine density in the basal, apical oblique, and apical tuft dendrites of L2/3 pyramidal neurons ( Figures 1G-1I) were observed, suggesting that b-catenin is sufficient for promoting spinogenesis in vivo. These results also suggest that the increased mEPSC frequency observed in b-cat Ovp mice ( Figures 1D and 1F ) is at least partly accounted for by increased synapse number.
An increase in spine density could be due to increased spine formation and/or stabilization. To distinguish between these possibilities, we performed live imaging experiments using primary cortical neuronal cultures. Cultures were transfected with pCAG-tdTomato at 7 days in vitro (DIV7) to sparsely label the imaged neurons, and infected with lentivirus expressing b-catenin small hairpin RNA (shRNA) 5 days before imaging to knock down b-catenin in a large proportion of neurons. Live imaging in 2-week-old cultures showed that, as compared to neurons infected with control shRNA, those infected with b-catenin shRNA had increased rates of both spine elimination and spine formation ( Figures 2A-2C and S3A for b-catenin shRNA verification). These translated to less stable spines (present throughout the imaging session) and more new (appearing after first imaging session) and eliminated (present in the first, but not last, imaging session) spines. In other words, spines were less stable and more dynamic. Consequently, spine survival was significantly impaired following b-catenin RNAi ( Figure 2D ). Since the net effect of b-catenin RNAi was reduced spine density (Ctrl, 0.46 ± 0.03; b-cat shRNA, 0.33 ± 0.03; p < 0.01, Student's t test), the increase in the proportion of new spines is likely a compensatory effect of spine instability. Importantly, spine density was inversely correlated with the percentage of eliminated spines and new spines, but was positively correlated with that of stable spines ( Figures 2E and 2F ). Taken together, these live imaging results demonstrate a critical role of b-catenin in the stabilization/maturation of spines, rather than their de novo formation.
Postsynaptic Expression of Stabilized b-Catenin Did Not Alter mEPSC Frequency or Spine Density
Having demonstrated that enhanced cadherin/catenin-dependent adhesion can increase excitatory synaptic transmission and spine density, we next asked if pre-or postsynaptic level of this complex is more critical for these functions. For our question of interest, namely whether the pre-or postsynaptic side has a more predominant role in functional synapse formation/stabilization, the sufficiency experiment is more informative, for to maintain a functional synapse in the long term, both partners are required. We first investigated the sufficiency of the postsynaptic side, by injecting tamoxifen in P2-P3 Figure 3B ), we found that b-catenin expression in L2/3 pyramidal neurons did not significantly alter mEPSC frequency or amplitude ( Figures 3C and 3D ). The spine density of the basal and apical oblique dendrites was also not affected (Figures 3H and 3I) .
In an alternative manipulation, we sparsely injected adenoassociated viruses (AAVs) expressing stabilized b-catenin (Bian et al., 2015; Yu and Malenka, 2003 ) (AAV-GFP-b-cat*; Figures 3E and S3D for verification by immunohistochemistry and western blot, respectively) that is functionally equivalent to b-cat lox(ex3) ;Nex-Cre into L2/3 at P7 and recorded mEPSCs at P14. Again, mEPSC frequency and amplitude of GFP-b-cat+ neurons were not significantly different from those of GFPb-cat-neurons ( Figures 3F and 3G ). These seemingly surprising results demonstrate that postsynaptic b-catenin expression is not sufficient for promoting synaptogenesis or spinogenesis.
A Presynaptic Mechanism for b-Catenin-Mediated
Functional Synapse Formation We next tested the presynaptic side. Since L2/3 pyramidal cells receive excitatory synaptic inputs from both L4-L2/3 vertical innervation and L2/3-L2/3 recurrent connections (Feldmeyer, 2012; Petersen, 2007) , we tested each pathway separately, using an L4-specific Cre line, Scnn1a-Tg3-Cre (Madisen et al., 2010) , and dense AAV infection in the L2/3 region, respectively. In P14 b-cat lox(ex3)/lox(ex3) ;Scnn1a-Tg3-Cre mice, robust increase in mEPSC frequency was detected in L2/3 neurons, as compared with loxP control littermates (Figures 4A, 4B, and 4D) . For the L2/3 connections, we densely infected L2/3 pyramidal cells with either control AAV (AAV-GFP) or AAV-GFP-b-cat*.
Recording from non-infected L2/3 pyramidal neurons, we found that presynaptic expression of stabilized b-catenin in L2/3 also significantly increased mEPSC frequency ( Figures 4A, 4C , and 4E). This effect is unlikely to be due to differential expression level of GFP-b-cat* following sparse and dense injections, as its total intensity per neuron, as determined by immunohistochemistry, was very similar ( Figures S3J and S3K ). Quantitatively, sparse and dense infections infected 18.66% and 87.36% of glutamatergic neurons (CaMKIIb+), respectively, in L2/3 ( Figures S4A-S4C ) under our experimental conditions. Significantly increased mEPSC frequency (Figures S3H and S3I) was also observed in neurons expressing wild-type b-catenin (AAV-GFP-b-cat WT; Figure S3E for verification). Importantly, the elevations in mEPSC frequency were accompanied by increased spine density in an axon projectiondependent manner ( Figures 4F-4K) . Specifically, presynaptic expression of stabilized b-catenin in the vertical ascending L4-L2/3 pathway only increased spine density in basal dendrites (Figures 4F and 4G) , while its expression in the L2/3-L2/3 pathway upregulated spine density in both basal and apical oblique dendrites (Figures 4I and 4J) . Spine density of apical tufts was not affected by either manipulation (Figures 4G and 4J) , since apical tuft dendrites mostly receive long-range corticocortical connections (Harris and Shepherd, 2015) .
In further analyses of spine morphology, we classified spines into mushroom, stubby, and thin spines, and found a lower proportion of immature thin spines in the b-catenin Ovp group for both b-cat lox(ex3)/lox(ex3) ;Scnn1a-Tg3-Cre mice ( Figure 4H ) and mice densely infected with AAV-GFP-b-cat* ( Figure 4K ). These results are consistent with a role of b-catenin stabilizing synapses and spines.
Since the differential effect of pre-versus postsynaptic b-catenin is critical to our study, we used a third way to examine it, by densely and sparsely injecting AAV-Cre-GFP into P0 b-cat lox ( Data are presented as mean ± SEM; n represents the number of cells unless where noted; N = 4 independent culture preparations. **p < 0.01, ***p < 0.001. For further details, see Figure S3 and Table S1 .
of Nex-Cre. Furthermore, since Cre-GFP is bright and nuclear, we can be sure to distinguish Cre+ from Cre-neurons. Table S1 .
Cre-and Cre+ neurons, consistent with presynaptic b-catenin expression being sufficient to promote synaptic transmission.
No changes in mEPSC amplitude were observed following sparse or dense injections ( Figures 4N-4Q ). In summary, using three different types of manipulations, we demonstrate that b-catenin regulates excitatory synaptic transmission and spinogenesis through a presynaptic and non-cellautonomous mechanism. We further showed that this effect is input specific, for spine density was only affected when b-catenin level was specifically upregulated in the presynaptic inputs to those spines.
The Effects of b-Catenin Are Due to Its Cell Adhesion and Not Its Transcriptional Role b-catenin has well-characterized roles in cell adhesion, as a component of the cadherin/catenin complex, and in canonical Wnt signaling, as a transcriptional co-activator (Clevers and Nusse, 2012) . We first examined its cell adhesion function by injecting P7 mice with AAV expressing EC1 ( Figure S1A ), a secreted, soluble form of the first extracellular ectodomain of N-cadherin, previously shown to interfere with N-cadherin-mediated extracellular interactions . Recording from L2/3 neurons of P14 mice, we found significantly reduced mEPSC frequency, as compared with control littermates injected with AAV-GFP ( Figures 5A-5C ). The ability of EC1 to reduce mEPSC frequency at the earlier time point of P14, as compared to P21 in b-cat cKO mice ( Figures 1C and 1E ), is likely due to EC1's ability to directly block extracellular N-cadherindependent interactions, independent of gene expression and protein synthesis. In the complementary sufficiency experiment, we injected AAV-Ncad-AD ( Figure S1A ) into the L2/3 region of P7 b-cat cKO mice. Ncad-AD encodes a chimeric protein consisting of the extracellular and transmembrane domains of N-cadherin, fused to the actin-binding domain of aN-catenin, and restores the cell adhesion function of the cadherin/catenin complex in the absence of b-catenin . Its expression significantly increased mEPSC frequency, without affecting mEPSC amplitude (Figures 5A, 5E, and 5F and Figures S3F and S3L for verification by western blot and immunohistochemistry, respectively).
An important role of the cadherin/catenin complex in promoting excitatory synaptic transmission does not necessarily exclude the contribution of Wnt/b-catenin-dependent transcription. To test this possibility, we performed RNA sequencing (RNA-seq) using S1 tissue from P14 b-cat lox(ex3)/lox(ex3) ;NexCre mice and loxP littermates ( Figure 5G ; Table S2 ). No significant changes in the expression of well-characterized Wnt/ b-catenin target genes, including Axin2, c-Myc, c-Jun, Lef1, and Tcf7, were observed ( Figure 5H ). Furthermore, the mRNA levels of well-characterized components of the presynaptic vesicle release machinery and postsynaptic density, including all proteins we examined by western blots, were not significantly altered. We note that by significance we mean the unadjusted p value, as no gene had a statistically significant adjusted p value in this experiment. These results demonstrate that expression of stabilized b-catenin in excitatory neurons of the cerebral cortex does not significantly alter gene expression at P14.
Complementary to the RNA-seq experiment, we performed dense AAV injection of AAV-GFP-b-cat*-Eng, encoding a chimeric protein in which the C-terminal transcriptional co-activation domain of b-catenin is replaced by the transcriptional repression domain of Engrailed (Yu and Malenka, 2003) (Figures 5D and S3G for verification) . This construct cannot mediate Wnt/ b-catenin-dependent transcription, but is fully functional in the cadherin/catenin complex (Montross et al., 2000) . Dense injection of AAV-GFP-b-cat*-Eng significantly increased mEPSC frequency of non-infected neurons ( Figures 5I-5K ), very similar to the effect of AAV-GFP-b-cat*. Taken together, our results strongly demonstrate that b-catenin regulates excitatory synaptic transmission through its cell adhesion and not transcriptional function.
Presynaptic b-Catenin Expression Increased Synaptophysin Puncta Size and Density In Vivo Functional synapses require the full complement of pre-and postsynaptic components (Kay et al., 2011) . We thus next assayed if the b-catenin-induced increase in spine density was accompanied by correspondent changes in presynaptic boutons, using Scnn1a-Tg3-Cre;Ai34D mice, where Cre induction in L4 excitatory neurons induced expression of synaptophysintdTomato (Ai34D) ( Figure 6A In a complementary experiment, sparse injection of AAV-Cre-GFP in L2/3 neurons of b-cat lox(ex3)/+ ;Ai34D mice also significantly increased synaptophysin-tdTomato puncta density and integrated intensity ( Figures 6D-6F ). These results demonstrated that elevating b-catenin expression in L4 or L2/3 axons was sufficient to induce presynaptic morphological changes.
Presynaptic b-Catenin Regulates Release Probability Since in addition to increased synapse number, increased release probability also contributes to elevations in mEPSC frequency, we next assayed paired-pulse ratios (PPRs) of L4-L2/3 connections, measured as the amplitude ratio of the second to the first evoked EPSC. PPR was bidirectionally modulated in b-cat cKO;Nex-Cre (hereafter abbreviated as b-cat cKO) and b-cat Ovp;Nex-Cre (hereafter abbreviated as b-cat Ovp) mice, relative to their control loxP littermates, especially at the short inter-stimulus interval of 25 ms ( Figures 7A-7D ). Higher PPR, suggesting lower release probability, was observed in b-cat cKO mice, while lower PPR, indicative of higher release probability, was observed in b-cat Ovp mice, consistent with previous results in the hippocampus (Mills et al., 2014) . The reduced PPR in b-cat Ovp mice was not due to desensitization of AMPARs, as bath application of cyclothiazide (CTZ), an inhibitor of AMPAR desensitization, did not significantly affect PPR ( Figure S5A ). In a complementary approach, we used MK-801, the irreversible open channel blocker of NMDA-type glutamate receptors (NMDARs), to progressively block NMDAR-mediated EPSCs.
Since the rate of the block depends on how often glutamate is released, differences in the blockade rate reflect changes in neurotransmitter release probability (Hessler et al., 1993; Rosenmund et al., 1993) . We observed significantly faster MK801 blockade with a smaller tau value in b-cat Ovp mice, as compared with control loxP littermates, consistent with a change in release probability in b-cat Ovp mice ( Figures 7E and 7F ). To further determine that this effect requires N-cadherindependent adhesion, we recorded PPRs of the L2/3-L2/3 recurrent pathway in wild-type mice expressing dense AAV-EC1 or in b-cat cKO mice expressing AAV-Ncad-AD. Consistent with the mEPSC results, EC1 and Ncad-AD increased or reduced PPRs, respectively ( Figures 7G and 7I ). The coefficient of variation (CV) of the first EPSC amplitude also changed in the same direction, further suggesting that cadherin/catenin complexes regulate release probability at glutamatergic synapses (Figures 7G, 7I, and S5B) .
Finally, using a gene replacement approach, we injected AAV-GFP-b-cat* into b-cat cKO mice and recorded from uninfected L2/3 pyramidal neurons. We observed robust reduction in PPR, accompanied by a significant reduction in the CV of the amplitude of the first EPSC ( Figures 7H, 7J , and S5C). This result demonstrates that presynaptic b-catenin expression was sufficient to drive increased neurotransmitter release. The significant and positive correlation between PPR and CV of the first EPSC amplitude in both this and the previous set of experiments (Figure 7K) further supports the notion that the cadherin/catenin complex bidirectionally regulates presynaptic release probability in neocortical L2/3 synapses.
Previous studies have reported interaction between the C-terminal PDZ motif of b-catenin and the synaptic scaffolding membrane-associated guanylate kinase (MAGUK) CASK (Bamji et al., 2003) . However, in our gene replacement system, presynaptic infection of AAV-GFP-b-cat*DPDZ, which does not bind to CASK, still substantially reduced PPR and CV of the first EPSC, very similar to the effect of full-length b-catenin ( Figures  7H, 7J , 7K, and S5C; see Discussion). Consistently, presynaptic b-catenin replacement with AAV-GFP-b-cat* or AAV-GFPb-cat*DPDZ in b-cat cKO mice also rescued mEPSC frequency to similar magnitudes (Figures S6A-S6C ).
b-Catenin Regulates Presynaptic Function through Its Interaction with p140Cap
Having demonstrated a critical role of presynaptic b-catenin expression in increasing excitatory synaptic transmission and spine density, we next asked through what molecular mechanism these processes are mediated. Since our gene replacement experiment suggested that the C-terminal PDZ motif of b-catenin was not required, we attempted to identify new binding partners using co-immunoprecipitation and mass spectrometry (Figures S7A and 7B ; Table S3 ). One of the identified novel b-catenin-interacting proteins was p140Cap (p130Cas-associated protein), also known as SRC kinase signaling inhibitor 1 (Srcin1) or SNAP-25-interacting protein (SNIP) (Chin et al., 2000) . p140Cap is expressed at high levels in neurons since early development and at both sides of the synapse, and has previously been shown to regulate exocytosis in non-neuronal cells (Chin et al., 2000; Ito et al., 2008) . Importantly, p140Cap binds directly to SNAP-25, an essential component of the SNARE complex required for synaptic vesicle fusion and calcium-dependent transmitter release (Rizo and S€ udhof, 2012) , making it a promising candidate for regulating release probability. We first confirmed physical interaction between b-catenin and p140Cap using pull-down assay, and identified the interaction domain in p140Cap to be the region encoded by amino acids 351-1051, but not the PRD1 or PRD2 domain alone (Figures 8A and 8B ). Co-immunoprecipitation assays using P14 mouse S1 homogenate further showed that p140Cap interacts with both b-catenin and N-cadherin, demonstrating the presence of N-cadherin/b-catenin/p140Cap complexes ( Figure 8C ). Interaction between p140Cap and b-catenin was also verified Table S1 . (legend continued on next page) using primary neuronal cultures expressing HA-p140Cap ( Figure S7C ). To examine the sufficiency of p140Cap in regulating synaptic transmission, we injected AAV-p140Cap into S1BF of P7 mice and found that this manipulation significantly increased mEPSC frequency in P14 mice (Figures 8D and 8E and Figures S7E and S7F for verification by immunohistochemistry and western blot, respectively). These results are very similar to the effects of AAV-GFP-b-cat* (Figures 4C and 4E) . To examine the necessity of presynaptic p140Cap, we injected lentivirus expressing RNAi sequence targeting mouse p140Cap into S1BF at P7 and performed electrophysiological recordings at P15 (Figure S7D for verification). Recording from non-infected L2/3 pyramidal neurons in densely infected regions, we found that presynaptic p140Cap knockdown in both wild-type and b-cat Ovp mice significantly reduced mEPSC frequency, as compared with those infected with control lentivirus (Figures 8F and 8G ). PPR and CV of the first EPSC amplitude also increased significantly ( Figures 8H and 8I ), suggesting regulation of vesicular release probability by p140Cap. mEPSC frequency of neurons expressing p140Cap shRNA under sparse infection conditions was similar to that of their uninfected neighbors, demonstrating that Data are presented as mean ± SEM; n represents the number of brain slices; N = 2-3 mice pairs per experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001. For further details, see Table S1 . (legend continued on next page) postsynaptic p140Cap knockdown did not affect synaptic transmission ( Figures 8K and 8L ). In terms of morphological changes, dense infection with p140Cap shRNA significantly reduced spine density in basal and apical oblique dendrites ( Figures 8J and  8M ). Together, these results demonstrate that presynaptic p140Cap, through its interaction with b-catenin, plays an important role in regulating excitatory synaptic transmission and spine density.
DISCUSSION
Here we identify a presynaptically driven mechanism for the stabilization of excitatory synapses and spines in the developing neocortex, a process dependent on cadherin/catenin-mediated anterograde signaling and presynaptic p140Cap function (Figure S8 ). To our knowledge, this is the first identification of an asymmetric function for a symmetrical cell adhesion complex in neural circuit wiring in the neocortex.
Presynaptic Cadherin/Catenin Complexes Are Sufficient for the Stabilization of Functional Synapses
Through loss-of-function experiments, we demonstrated requirement of b-catenin for regulating excitatory synaptic transmission and stabilizing spines. We further used a battery of gain-of-function assays to demonstrate that presynaptic b-catenin expression in excitatory inputs to L2/3 pyramidal neurons promoted coordinated pre-and postsynaptic development of excitatory synapses (Figures 1, 2, 3 , and 4). This is in contrast to the lack of effects from elevating postsynaptic b-catenin level (Figures 3 and 4) . Together, these results demonstrate non-cellautonomous and anterograde-signaling role of presynaptic cadherin/catenin complexes in synaptogenesis and spinogenesis in the neocortex. Previous studies investigating cadherin/catenin complex function in synapse and spine development have yielded complex results. In terms of spinogenesis, studies using dissociated hippocampal neuronal cultures found that loss of function of the complex either reduced spine density or interfered with spine maturation (Abe et al., 2004; Mendez et al., 2010; Okuda et al., 2007; Saglietti et al., 2007; Togashi et al., 2002) , while overexpression of complex members increased spine density and/or promoted spine maturation (Abe et al., 2004; Mendez et al., 2010; Yu and Malenka, 2004) . In terms of synaptic transmission, interfering with complex function reduced mEPSC frequency or amplitude and/or release probability (J€ ungling et al., 2006; Li et al., 2008; Okuda et al., 2007; Pielarski et al., 2013; Saglietti et al., 2007; Togashi et al., 2002; Vitureira et al., 2011) , while enhancing its function increased mEPSC frequency (Murase et al., 2002; Tai et al., 2007) ; retrograde signaling mechanisms have been proposed at the neuromuscular junction and in cultured hippocampal neurons (Li et al., 2008; Vitureira et al., 2011) . However, inconsistent with the above findings, postsynaptic b-catenin or N-cadherin overexpression did not significantly increase excitatory synaptic transmission (Okuda et al., 2007; Peng et al., 2009; Vitureira et al., 2011) . Taking into account differences between culture preparations and transient gene expression systems in different laboratories, the apparent contradictions between previous reports raise questions regarding the sufficiency of postsynaptic cadherin/catenin complexes to regulate synaptic transmission. Here, using multiple genetic and viral-mediated approaches, we show that cadherin/catenin-dependent adhesion is necessary and sufficient for regulating excitatory synaptic transmission in neocortical L2/3 pyramidal neurons in vivo. We further identify a novel, anterograde role of the cadherin/catenin complex in stabilizing dendritic spines (Figures 1, 2, 3 , and 4) in L2/3 neurons. Importantly, the presynaptic effects of b-cat Ovp are input specific: expression in L4 neurons using Scnn1a-Tg3-Cre only increased spine density in basal dendrites of L2/3 pyramidal neurons, while dense AAV injection of L2/3 neurons increased spine density in both basal and apical oblique dendrites. Spine density in the apical tuft dendrites, which receive long-range connections, was only increased following expression of Nex-Cre in all excitatory neurons of the cerebral cortex. To our knowledge, this is the first study where the pre-and postsynaptic effects of the cadherin/ catenin complex were studied side by side in vivo in the CNS.
In our results, which included 14 different manipulations of the cadherin/catenin/p140Cap complex, bidirectional changes in mEPSC frequency were consistently observed, while alterations in mEPSC amplitude were observed only in P10 and P14 b-cat Ovp;Nex-Cre mice ( Figures 1D and 1F) . In both cases, the total charge transfer per second was still significantly higher in b-cat Ovp mice, demonstrating a higher level of total synaptic transmission ( Figure S2D ). Developmental reductions in mEPSC amplitude, concurrent with developmental increase in mEPSC frequency, have been reported in the neocortex (Desai et al., 2002). We surmise that the reduction in mEPSC amplitude we observe here may be a form of accelerated development brought on by b-catenin overexpression in all excitatory neurons from the late embryonic stage. Other manipulations that altered gene expression later in development and/or did not affect all excitatory neurons did not induce changes in mEPSC amplitude. Through morphological measurements and electrophysiological assays, we demonstrated that increased spine density, increased presynaptic bouton density, and enhanced release probability all contributed to b-catenin-induced increase in mEPSC frequency.
Whether this presynaptic ability of the cadherin/catenin complex to stabilize synapses is specific to neocortical L2/3 neurons remains to be investigated in future studies. We note, however, that different cell adhesion molecules likely have distinct regulatory mechanisms. For example, neuroligin-1 knockdown in single postsynaptic neurons decreased spine density and mEPSC frequency in a competition-based mechanism, dependent on relative neuroligin-1 level between neighboring neurons (Kwon et al., 2012) . Our results show that postsynaptic cadherin/catenin complexes do not regulate synaptic transmission and synapse formation through such mechanisms. Whether presynaptic neurexins, neuroligins, leucine-rich repeat transmembrane proteins, or Ig superfamily members can induce coordinated synaptogenesis and spinogenesis in L2/3 cortical neurons in vivo remains to be determined. Based on reported anterograde and retrograde signaling mechanisms of these molecules in other systems, some of them likely have such capabilities (Giagtzoglou et al., 2009; Krueger et al., 2012; Missler et al., 2012; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011) .
In addition to circuit-specific control, synapse formation is also developmentally regulated. In the mouse somatosensory cortex, synapse formation peaks between P10 and P15 and reaches adult levels at P30 (Micheva and Beaulieu, 1996) . In this study, we manipulated b-catenin level either at the late embryonic stage or during the first postnatal week, and examined the effects during the second to third postnatal week, at the peak of synaptogenesis. Our results are complementary to previous in vivo studies of the cadherin/catenin complex focusing on their function in adult synaptic plasticity, where conditional loss or gain of function was induced after the peak of synaptogenesis (Bamji et al., 2003; Bian et al., 2015; Bozdagi et al., 2010; Mills et al., 2014) .
p140Cap Functions in the Presynaptic Locus for Synapse Formation
In investigating the molecular mechanism through which the homophilic and symmetrically distributed cadherin/catenin complexes regulate functional synapse formation specifically from the presynaptic locus, we searched for additional binding partners that have differential pre-and postsynaptic distributions and/or functions. Since a previous study showed that CASK and its interaction with the C-terminal PDZ motif of b-catenin were important for vesicle assembly (Bamji et al., 2003) , we first used b-cat*DPDZ to molecularly replace endogenous b-catenin in b-cat cKO mice. Our results showed that b-cat*DPDZ fully restored PPR ( Figures 7H and 7J ) and mEPSC frequency (Figure S6 ) to equivalent levels of full-length b-catenin. These results make CASK and other proteins interacting with the b-catenin C-terminal PDZ motif (Bamji et al., 2003; Sun et al., 2009 ) unlikely b-catenin-interacting partners for regulating release probability of glutamatergic synapses in the developing neocortex.
Using mass spectrometry, we identified p140Cap as a novel interacting partner for b-catenin (Figure 8) . We further showed direct interaction between b-catenin and amino acids 351-1051 of p140Cap by pull-down assay, and ability of p140Cap to co-immunoprecipitate both N-cadherin and b-catenin, thus demonstrating existence of a cadherin/catenin/p140Cap complex. p140Cap is expressed at high levels both pre-and postsynaptically, and has previously been shown to regulate exocytosis in non-neuronal cells (Chin et al., 2000; Ito et al., 2008) . Importantly, p140Cap binds directly to SNAP-25, an essential component of the SNARE complex required for synaptic vesicle fusion and calcium-dependent transmitter release (Rizo and S€ udhof, 2012) . To our knowledge, this is the first identification of a necessary and sufficient role of p140Cap in regulating neurotransmitter (F and G) Top, schematic of lentiviral injection, acute slice recording, and lentiviral construct. Bottom, representative traces (F). Summary of mEPSC frequency from dense lentivirus-infected wild-type mice or b-cat Ovp mice for control shRNA (Ctrl) or p140Cap shRNA (p140 shRNA) (G). Wild-type mice, p < 0.01; b-cat Ovp mice, p < 0.001; Student's t test. (H and I) PPR of L2/3-L2/3 pathway recorded from non-infected neurons in S1 regions densely infected with control or p140Cap shRNA lentivirus. Representative averaged traces are shown in (H) and summary graphs of PPR and CV are shown in (I). PPR, p < 0.001; CV, p < 0.01; Student's t test. Scale bars, 100 pA and 25 ms. (J and M) Representative images (J) and summary graph (M) of spine density in non-infected neurons in S1BF regions densely infected with Ctrl or p140 shRNA lentivirus. p < 0.001, p < 0.001, and p > 0.05 for basal, apical oblique, and apical tuft dendrites, respectively; one-way ANOVA with Bonferroni post hoc test. Scale bar, 5 mm. (K and L) Representative mEPSC traces (K) and X-Y plots (L) of neighboring Ctrl and p140 shRNA-expressing cells in wild-type mice infected with sparse lentivirus. mEPSC frequency, p > 0.05; mEPSC amplitude, p > 0.05; Student's paired t test. Data are presented as mean ± SEM; n represents the number of cells; N = 3 mice per experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant, p > 0.05. For further details, see Figure S7 and Tables S1 and S3. release in neurons. Through loss-and gain-of-function experiments, we provide evidence for bidirectional regulation of mEPSC frequency by p140Cap. Furthermore, p140Cap RNAi in b-cat Ovp mice significantly reduced both mEPSC frequency and spine density, demonstrating concurrent requirement of both molecules for the functional and morphological development of excitatory synapses.
p140Cap clearly functions asymmetrically in synapse formation, as p140Cap RNAi in presynaptic neurons, and not postsynaptic neurons, reduced excitatory synaptic transmission and spine density (Figure 8 ). This asymmetric function of p140Cap, and more generally of the cadherin/catenin/p140Cap complex, raises interesting questions regarding the mechanism by which apparently symmetrically distributed cell adhesion complexes can differentially drive synapse formation/maintenance from the pre-or postsynaptic locus. Potential contributing mechanisms include differences in subcellular localization, protein stability, regulatory modifications, and the availability of different interacting partners.
Presynaptic Regulation of Spinogenesis and Synaptogenesis in the Developing Neocortex
To conclude, we discuss more generally pre-versus postsynaptic mechanisms for synaptogenesis and spinogenesis. Three basic mechanisms of spinogenesis have been proposed: (1) spine emerging independently of the axonal terminal as in the Sotelo model, (2) the axon terminal inducing spine formation as in the Miller/Peters model, and (3) a dendritic filopodium capturing an axonal terminal and becoming a spine as in the filopodial model (Yuste and Bonhoeffer, 2004) . The three models can be simplified into independent development, presynaptic inducing, and postsynaptic inducing, respectively. In synapse formation, bidirectional, anterograde, and retrograde organizers have been similarly proposed (Shen and Scheiffele, 2010) . Our results support the presynaptic-inducing Miller/Peter model and identify the cadherin/catenin/p140Cap complex as an anterograde synapse organizer during synaptogenesis and spinogenesis. Since cadherins are trans-synaptic molecules, our results simply point to a more critical role of the presynaptic side in this process. Our imaging experiments demonstrated a specific role of b-catenin in stabilizing spines, rather than promoting their formation.
Different circuits likely have different limiting factors for preversus postsynaptic induction/stabilization. For example, in parallel fiber spines on Purkinje cells, the Sotelo independent development model is thought to be predominant (Yuste and Bonhoeffer, 2004) . For inputs to L2/3 neocortical neurons, the presynaptic side may have a more prominent role, as recent work demonstrated that glutamate release can induce rapid de novo functional spine formation in neocortical dendritic shafts (Kwon and Sabatini, 2011) . Based on this previous study and on our results, it is conceivable that intracortical connections, at least inputs to L2/3 pyramidal neurons, are predominantly presynaptically induced/stabilized. Further tests using the molecular approach that we employ, with different sets of molecules, can help to address this question. Similarly, cadherin/catenin complexes can be used to assay the potential of the pre-versus postsynaptic side to induce/stabilize synapses in other circuits. Together, these results would significantly advance our understanding of the fundamental mechanisms underlying functional synapse formation/stabilization in vivo.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xiang Yu (yuxiang@ion.ac.cn). Conditional expression of stabilized b-catenin was achieved using the Catnb lox(ex3) (b-cat lox(ex3) ) mice, in which exon 3 of b-catenin, containing multiple glycogen synthase kinase 3b (GSK3b) phosphorylation sites marking it for degradation, is flanked by loxP sites (Harada et al., 1999) . Cre expression in b-cat lox(ex3) mice generates a stabilized and active form of b-catenin that is less sensitive to degradation. Importantly, this truncated form of b-catenin still retains all its binding and interaction domains, and is expressed from its endogenous promoter. The Nex-Cre mice express Cre recombinase in excitatory neurons of the cerebral cortex and hippocampus starting from the late embryo (Goebbels et al., 2006 ) (gift of Prof. Klaus Nave, Max Planck Institute, Goettingen, Germany). The CaMKCreERT2 mice [full name: Tg(Camk2a-cre/ERT2)2Gsc] (Erdmann et al., 2007) are BAC transgenic mice expressing Cre in excitatory neurons of the cerebral cortex and hippocampus upon tamoxifen injection (obtained from European Mouse Mutant Archive, Germany; RRID: IMSR_EM:02125). To induce sparse Cre expression in P14 mice, P2-P3 mice were intraperitoneally injected with a single dose of tamoxifen (0.1 mg/g; stock concentration is 10 mg/ml, freshly dissolved in 10% ethanol and 90% corn oil).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
Homozygous loxP mice and heterozygous Cre mice were used in the experimental group, while homozygous loxP littermates were used as controls, except when otherwise noted. For Ai34D and Ai9 experiments, heterozygous mice were used. Both male and female mice were used in all experiments. The P14 group consists of P14-P15 mice, while the P21 group consists of P18-P21 mice. P14 mice were used, unless otherwise stated. The number of mice used are as indicated in figure legends; typically 3 mice were used per experimental condition.
METHOD DETAILS
Constructs pAAV-hSyn-GFP-b-cat* (AAV-GFP-b-cat* for short) encodes a stabilized form of b-catenin in which the GSK3b phosphorylation sites S33, S37, T41, S45 have been mutated to alanines, resulting in a net effect similar to b-cat lox(ex3) ; it was generated by subcloning GFPb-cat* (Yu and Malenka, 2003) into the pAAV-hSyn vector (human synapsin promoter, Addgene plasmid 26976). To generate pAAVhSyn-GFP-b-cat*DPDZ (AAV-GFP-b-cat*DPDZ for short), the sequence encoding the last 11 amino acids (residues 771-781 of mouse b-catenin) was deleted from pAAV-GFP-b-cat*. For pAAV-hSyn-b-cat*-Eng, the C terminus (aa 696-781) of pAAV-hSyn-GFPb-cat* was truncated and replaced with the transcription repression domain of Drosophila Engrailed (Montross et al., 2000; Yu and Malenka, 2003) . For pAAV-GFP-b-cat WT, the coding sequence of wild-type mouse b-catenin was subcloned into the pAAV-hSyn vector. pAAV-hSyn-Cre-GFP (pAAV-Cre-GFP for short) expresses Cre-GFP under the human synapsin promoter, is as previously described (Bian et al., 2015) . Ncad-AD , consisting of the extracellular and transmembrane domains of N-cadherin (in frame HA tag included), fused to the actin binding domain of aN-catenin, was subcloned into pAAV-CAG to generate pAAV-CAG-HA-Ncad-AD (AAV-HA-Ncad-AD for short). EC1 , containing of the EC1 domain of N-cadherin (residues 1 to 267 of mouse N-cadherin), were subcloned into the pAAV-hSyn vector, followed by IRES-GFP, to generate pAAV-hSyn-EC1-IRES-GFP (AAV-EC1 for short).
The full-length p140Cap (gene name: SRCIN1) was obtained from P14 mouse cortical cDNA by PCR, and subcloned into pCAG; an HA tag was added in frame at the 5 0 end to generate pCAG-HA-p140Cap. For pAAV-hSyn-HA-p140Cap, HA-p140Cap was subcloned into the pAAV-hSyn vector. For b-catenin and p140Cap RNAi, the mouse p140Cap shRNA sequence (5 0 -GACCGAAGTATCAT TAAGA-3 0 ) and rat b-catenin shRNA sequence (5 0 -ACCATGCAGAATACAAATGAC-3 0 ) were subcloned into the pFUGW-RNAi lentiviral vector by Genechem (Shanghai, China); shRNA was expressed under the U6 promoter and GFP was expressed under the ubiquitin promoter. The targeting sequence of the negative control lentivirus is 5 0 -TTCTCCGAACGTGTCACGT-3 0 . For live imaging experiments, pCAG-tdTomato, containing tdTomato expressed under the CAG promoter was used. For GST pull-down experiments, GFP-b-catenin was subcloned into pGEX vector. Constructs expressing full-length p140Cap and its various domains, in pCMV-Tag2B, are as previously described .
In vivo stereotaxic viral injections P6-P8 mice were anaesthetized with ketamine (0.03 mg/g of body weight) and dexmedetomidine (0.02 mg/g of body weight), and adeno-associated viruses (AAVs, serotype 2/8, packaged by Obio Technology, Shanghai, China or Taitool Bioscience, Shanghai, China) or lentiviruses (packaged by Genechem, Shanghai, China) were slowly injected at a speed of 0.1 ml/min, as previously described . For P0-P1 pups, mice were anaesthetized by hypothermia and the pipette containing AAV was used to directly penetrate the scalp and skull (Lu et al., 2009 ). Pipettes were withdrawn 5 min after completion of injection. Experiments were carried out 7 days or longer after viral injection, to allow time for gene expression. For dense infection of S1BF, 1.5-2 mL AAV (high titer, 5 3 10 12 to 2 3 10 13 VG/ml) was injected per hemisphere. For sparse infection, 1 mL AAV (viral stock diluted 5-10 fold in sterile PBS) was injected. For AAV-HA-Ncad-AD and AAV-HA-p140Cap injections, a small amount of AAV-hSyn-GFP (10% of total) was mixed in to visualize the infected area; HA immunostaining was carried out post hoc to confirm AAV expression. For AAV-HANcad-AD, AAV-HA-p140Cap and AAV-EC1 experiments, control littermates were injected with dense AAV-hSyn-GFP. For results presented in Figures 6E and 6F , AAV-Cre-GFP was diluted 100 fold to 1 3 10 11 VG/ml.
Acute slice preparation Acute slices were prepared in a sucrose-based cutting solution. Briefly, mice were deeply anesthetized with 0.7% sodium pentobarbital (0.14 g/kg body weight). Brains were quickly removed into ice-cold (0-4 C) sucrose-based cutting solutions containing (in mM) Sucrose 125, KCl 2.5, NaH 2 PO 4 1.3, MgCl 2 7, CaCl 2 0.5, NaHCO 3 25 and D -glucose 20. Coronal slices of 350 mm thick were cut with a Leica VT 1200s vibratome (Leica Microsystems, Nussloch, Germany). Brain slices were allowed to recover in a submerged chamber containing artificial cerebrospinal fluid (aCSF) for 30 min at 37 C, followed by least 1 hr at room temperature (25-28 C) before recordings. aCSF contained (in mM) NaCl 125, KCl 2.5, NaH 2 PO4 1.3, MgCl 2 1.3, CaCl 2 2, NaHCO 3 25 and D -glucose 20. All the recordings were performed in aCSF at 28.5-30.0 C. All slices were used within 6 hr of the first recording. Cutting solution and aCSF were bubbled with 95% O 2 /5% CO 2 .
Whole-cell recordings Whole-cell recordings of L2/3 pyramidal neurons were made with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA), as previously described . Signals were low-pass filtered at 2 kHz and digitized at 10 kHz using Digidata 1332A (Molecular Devices). Cells were visualized with a Nikon FN1 microscope (Nikon, Tokyo, Japan) and a 40 3 water immersion objective under infrared optics. For voltage-clamp recordings (except mIPSCs), Cs + -based internal solution containing (in mM) CsMeSO 4 130, CsCl 5, HEPES 10, EGTA 0.5, Na 2 ATP 15, MgATP 4 and Na 3 GTP 0.3 and sodium phosphocreatine 10 (pH 7.4, 270-280 mOsm) was used. For mIPSC recordings, high chloride Cs + -based internal solution containing (in mM) CsCl 110, NaCl 10, MgCl 2 5, EGTA 0.5, MgATP 2, Na 3 GTP 0.3 and HEPES 40 (pH 7.4, 270-280 mOsm) was used. Data were analyzed in pClamp 9.2 (Molecular Devices) except for mPSCs. mEPSCs and mIPSCs were analyzed in MiniAnalysis (Synaptosoft, Fort Lee, NJ) with detection thresholds of 5 pA and 6 pA, respectively. Recordings were made from an average of 2 cells per slice, and 2-3 slices per mouse. mEPSCs and mIPSCs For AMPAR-mediated mEPSC recordings, cells were held at À70 mV in voltage-clamp, with pipette resistance of 3-4 MU in the presence of TTX (0.5 mM), picrotoxin (50 mM) and D -APV (50 mM) to block Na + channels, GABA A Rs and NMDARs, respectively. For mIPSC recordings, cells were held at À60 mV in the presence of TTX (0.5 mM) and NBQX (10 mM) to block Na + channels and AMPARs respectively. A brief hyper-polarization (À10 mV, 100 ms) was given to monitor series and input resistances every 10 s. Cells with changes of input resistance greater than 20% were excluded from analyses. All cells analyzed had a series resistance < 20 MU; series resistances were not significantly different between experimental groups. Liquid junction potential and series resistance were uncompensated. Evoked EPSCs Evoked AMPAR-EPSCs were recorded in aCSF containing picrotoxin (50 mM) and D -APV (50 mM). For L4-L2/3 or L2/3-L2/3 pathway experiments, a glass pipette ($4 MU) filled with aCSF was placed respectively in L4 and L2/3 (typically 100-150 mm from recorded cells). A brief stimulation pulse (1 ms) was given using Master-8 and Iso-Flex isolator (A.M.P.I., Jerusalem, Israel). Since cortical microcircuits have been shown to exhibit subnetworks (Feldmeyer et al., 2002 (Feldmeyer et al., , 2006 ), several sites were tested until a ''hotspot,'' where robust monosynaptic currents were generated, was identified. For examining the relationship between EPSC amplitude and stimulus intensity (input-output curve), a stimulus intensity generating minimal EPSC (when successes and failures both occurred) was designated as 1.0 3 stimulus intensity; stimulus intensity was then stepwise increased and corresponding EPSCs were recorded. Paired-pulse ratio Paired-pulse ratio (PPR) was measured as the ratio of the 2nd EPSC amplitude to the 1st. When the 2nd EPSC overlapped with the decay of the 1st, the tail of the 1st EPSC was subtracted to obtain an accurate amplitude for the 2nd EPSC. In agreement with previously published report (Brasier and Feldman, 2008) , PPR of the L4-L2/3 and L2/3-L2/3 pathways recorded in the presence of D -APV (50 mM) showed slight facilitation in control mice. Coefficient of variation (CV) was calculated as the ratio of the standard deviation to the mean of the 1st EPSC amplitude. MK-801 blockade experiment Cells were voltage-clamped at +40 mV to record NMDAR-mediated EPSC in the presence of picrotoxin (50 mM) and NBQX (10 mM). After recording a 5 min stable baseline, stimulation was paused, and cells were voltage-clamped to 0 mV. aCSF containing MK-801 (5 mM) was perfused. Stimulation was resumed, and cells were voltage-clamped back to +40 mV after a 10 min equilibration period. BAPTA (5 mM) was added to the internal solution to prevent Ca 2+ -induced effects. Since the rate of the block depends on how often glutamate is released, a kinetic model can be used to convert it into release probability (Hessler et al., 1993; Rosenmund et al., 1993) . The blockade curve was fit to a double exponential function y = y 0 + A 1 *exp(-(x-x 0 )/t 1 ) + A 2 *exp(-(x-x 0 )/t 2 ) in OriginPro (OriginLab, Northampton, MA), where t 1 and t 2 refers to the tau value of the fast component (synapses with high release probability), and the slow component (synapses with low release probability).
Dendritic spine morphology and analysis Neurobiotin (0.25% w/v, Vector Laboratories Cat# SP-1120, RRID: AB_2313575) was added to the Cs + internal solution, and cells were filled for at least 15 min after whole cell break-in. Recording pipettes were retracted slowly, forming outside-out patches to ensure intactness of the cell membrane. One or two cells per brain slice were filled. Slices were fixed in 4% PFA (4 C overnight), washed in PBS, incubated in 3% BSA containing fluorochrome-conjugated Streptavidin (DyLight 488 or DyLight 549, Vector Labs) and 0.5% triton (4 C overnight), rinsed in PBS, and mounted on Superfrost Plus microscope slides (Fisherbrand). DyLight 488 Streptavidin was used for CaMKCreERT2;Ai9 experiments, while DyLight 594 Streptavidin was used for all other experiments.
For spine density analysis in basal dendrites, secondary dendrites within < 150 mm of the soma were selected. For apical oblique dendrites, secondary dendrites directly extending from the apical trunk were analyzed. For apical tuft dendrites, dendritic segments above the bifurcation node and within 150 mm from the pia were selected. Dendrite length (typically $60 mm) was measured in 3D in Fiji/ImageJ. Protrusions with length > 5 mm are considered as filopodia but not spines. For spine categorization, the following criteria were used (Harris et al., 1992) : 1) mushroom: spine head diameter is R 1.5 3 spine neck diameter (d h /d n R 1.5); 2) stubby: spine head and spine neck are roughly of same width, and spine length is not significantly longer than head diameter (d h /d n < 1.5, L/d h < 2); 3) thin: spine head and spine neck are roughly of same width, and spine length is much longer than spine head width (d h /d n < 1.5, L/d h R 2). d h , d n and L stands for head width, neck width and spine length, respectively.
Synaptophysin puncta analysis
For analysis of presynaptic boutons, Ai34D mice were used. As detailed in the text, some of the mice were also b-cat lox(ex3) het or homo. L2/3 regions directly above L4 barrels (C and D barrels) were imaged for analysis. Single image planes, 10-15 mm from the cut surface (slices were 30 mm thick), were analyzed. Images were thresholded to quantitate Ai34 puncta and NeuroTrace-labeled soma. For puncta density analysis, full-size images were analyzed, and the area covered by the soma was subtracted (total area -NeuroTrace area). Integrated intensity was defined as the summed intensity of all pixels above threshold in each punctum, averaged across all puncta. Thresholds were constant for all images from the same set of experiments.
For analysis of synaptophysin puncta in sparsely labeled Ai34D mice, regions lateral to the injection site and still within S1BF were analyzed. Continuous axonal segments of $60 mm or longer were analyzed using Fiji/ImgeJ.
